Article Extended Data Fig. 1 | Device fabrication. a, Graphite or hBN monocrystals are obtained by mechanical exfoliation. Micrometre-size wells are then made by e-beam lithography and ion etching. Monolayer graphene is transferred on top to seal the wells. b, Optical micrograph of a set of hBN microcontainers. The dashed curve indicates the position of monolayer graphene. Fig. 2 | Electron micrographs of our microcontainers. a, A microcontainer with d = 0 .5 μm. Such images were taken only after finishing measurements to avoid electron-beam damage. b, Example of a broken graphene seal: the membrane was damaged after a thermal cycle to 80 °C.
Despite being only one-atom thick, defect-free graphene is considered to be completely impermeable to all gases and liquids [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . This conclusion is based on theory [3] [4] [5] [6] [7] [8] and supported by experiments 1, 9, 10 that could not detect gas permeation through micrometre-size membranes within a detection limit of 10 5 to 10 6 atoms per second. Here, using small monocrystalline containers tightly sealed with graphene, we show that defect-free graphene is impermeable with an accuracy of eight to nine orders of magnitude higher than in the previous experiments. We are capable of discerning (but did not observe) permeation of just a few helium atoms per hour, and this detection limit is also valid for all other gases tested (neon, nitrogen, oxygen, argon, krypton and xenon), except for hydrogen. Hydrogen shows noticeable permeation, even though its molecule is larger than helium and should experience a higher energy barrier. This puzzling observation is attributed to a two-stage process that involves dissociation of molecular hydrogen at catalytically active graphene ripples, followed by adsorbed atoms flipping to the other side of the graphene sheet with a relatively low activation energy of about 1.0 electronvolt, a value close to that previously reported for proton transport 11, 12 . Our work provides a key reference for the impermeability of two-dimensional materials and is important from a fundamental perspective and for their potential applications.
From a theoretical standpoint, monolayer graphene poses a very high energy barrier for the penetration of atoms and molecules. Density functional theory (DFT) calculations predict that the energy barrier E is at least several electronvolts [2] [3] [4] [5] [6] , which should prohibit any gas permeation under ambient conditions. Indeed, one can estimate that at room temperature, it would take longer than the lifetime of the Universe to find an atom energetic enough to pierce a defect-free membrane of any realistic size. These expectations agree with experiments that have reported no detectable gas permeation through mechanically exfoliated graphene. The highest sensitivity was achieved using micrometresize wells etched in oxidized silicon wafers, which were sealed with graphene 1, 9, 10 . In those measurements, a pressurized gas (for example, helium) could permeate along the SiO 2 layer and gradually fill the microcontainers, making so-called nanoballoons. Their consecutive deflation in air was monitored using atomic force microscopy (AFM) and it was shown that the leakage occurred along only the SiO 2 surface, within minutes but independently of the number of graphene layers used for the sealing 1 . These studies allowed the conclusion that graphene membranes are impermeable to all gases, at least with the achieved accuracy of 10 5 -10 6 atoms per second. This was further corroborated by creating individual atomic-scale defects in graphene nanoballoons, which resulted in their relatively fast deflation/inflation and confirmed the exceptionally high sensitivity of the method 9, 10 .
The devices used in this study were micrometre-size containers made from monocrystals of graphite or hexagonal boron nitride (hBN) using electron-beam lithography and dry etching ( Fig. 1 , Extended Data Fig. 1 ). The containers were sealed with graphene monolayer crystals obtained by mechanical exfoliation and transferred on top of the wells using van der Waals assembly ('Device fabrication' in Methods). In control experiments, bilayer graphene and monolayer molybdenum disulfide (MoS 2 ) were used for the sealing (see further below and in Methods). The wells were chosen to have an inner diameter d of 0.5 or 1.0 μm, and their depth h was about 50 nm to minimize the containers' volume and, therefore, maximize the sensitivity with respect to the number of inflowing gas molecules. The depth could not be reduced further because van der Waals attraction of graphene to the inner walls caused it to sag 1, 13, 14 , typically by a few tens of nanometres ( Fig. 1c, d ). The wells' ring-shaped top was typically 1-μm wide to provide a sufficiently large atomically flat area so that no gas diffusion could occur along the resulting 'atomically tight' sealing with its clean and atomically sharp interface 15, 16 . The monocrystalline walls of our microcontainers were also impermeable, as reported previously 17 and confirmed in the present work using wells with walls of different thicknesses. The rough surface outside the wells (due to etching) helped to pin the membranes, preventing their slippage. The atomically tight sealing is the principal difference with respect to the previous experimental setup 1, 9, 10 that used 'leaky' SiO 2 . In our design, the only possible route for the gas ingress/ escape is through the two-dimensional (2D) membrane.
The basic principle used for detection of molecular penetration through graphene membranes is similar to that introduced in ref. 1 and illustrated in Fig. 1a . The described microcontainers were placed inside a chosen gas atmosphere (for example, helium) and, if graphene Article were permeable to it, the partial pressures inside and outside should equalize so that the total pressure inside the containers (filled with the less permeating air) would increase with time, resulting in gradual lifting and eventual bulging of the membranes. Changes in the membrane position were monitored with AFM. All the containers were first checked for any possible damage to their sealing and the absence of atomic-scale defects 9,10 as described in Methods ('Experimental procedures'). Only the containers that successfully passed the initial tests were investigated further. They were placed in helium, initially for a few days. After that, the devices were taken out, measured by AFM within 10 min to detect minute changes in the membrane position δ ( Fig. 1c ) and quickly placed back for further exposure to helium. To maximize our accuracy, AFM mapping was carried out using the PeakForce mode and, for repeated measurements, scans were taken in the same direction over the same area ('AFM measurements' in Methods). For the same reason, we minimized the stress imposed by different pressures inside and outside the containers by normally keeping the external pressure P a at 1 bar and varying only the partial pressure P of the tested gas (Methods). Furthermore, we avoided containers with d larger than 1 μm because their scans appeared notably noisier ('AFM measurements' in Methods). Our experiments were limited to temperatures T ≤ 60 °C because, after thermal cycling to higher T, graphene membranes were often destroyed, probably because of strain induced by thermal expansion/contraction (Extended Data Fig. 2 ).
Under exposure to helium, no changes in δ could be detected, as detailed in Fig. 1d -f, Extended Data Fig. 3 . The figures show that the membrane positions did not change regardless of how long they were exposed to helium. For example, Fig. 1e plots our results for more than a dozen containers over an observation period of one month. None of the devices showed any discernible changes (Δδ) in the membranes' original positions, beyond small random fluctuations that did not exceed 0.5 nm in amplitude. Statistical analysis of the Δδ values yielded a standard deviation of about 1 Å ( Fig. 1e ; 'AFM measurements' in Methods). In control experiments, we carried out the same measurements in air and found fluctuations of a similar amplitude (Extended Data Fig. 3 ). For higher applied P, the fluctuations were slightly stronger, presumably because the extra pressure caused creep of the membranes (Extended Data Fig. 3 ).
For small changes Δδ in the membrane position, the number of atoms or molecules ΔN penetrating through the area S is given by 9, 18 
where k B T is the thermal energy, k B is the Boltzmann constant and c ≈ 0.5 is the coefficient that accounts for the membrane's curved profile ('Evaluation of permeation rates and their accuracy' in Methods). The above accuracy of roughly 1 Å over one month translates into no more than a few atoms entering the microcontainers per hour. This accuracy is more than eight orders of magnitude higher than that achieved in the earlier experiments reporting graphene's impermeability 1, 9, 10 , which were in turn a few orders of magnitude more sensitive than the detection limit of modern helium leak detectors. In terms of the areal permeation rates Γ = (dΔN/dt)/S, our experiments yield an upper bound of about 10 9 s −1 m −2 for possible helium transparency of defect-free graphene. To put this into perspective, monolayer graphene is less permeable than 1-km-thick quartz glass. Furthermore, the found limit allows a lower-bound estimate for the energy barrier E that graphene presents for helium atoms. Using the expression ('Energy barriers' in Methods) we obtain E ≥ 1.2 eV, where the pre-exponential factor describes the incident rate of helium atoms and m is their mass. This estimate is consistent with the barriers found theoretically [2] [3] [4] . Keeping in mind that it is hardly possible to improve the accuracy for Δδ beyond 1 Å, the fluctuations increase for larger d, and observations longer than a few months and at considerably higher T are impractical, our results probably present the sensitivity limit of the nanoballoon method. Helium with its small weakly interacting atoms is recognized as the most permeating of all gases. Nonetheless, we tested several other gases (namely, Ne, N 2 , O 2 , Ar, Kr and Xe) and, as expected, found no discernible permeation. This places practically the same limit on their E. Unexpectedly, monolayer graphene exhibited noticeable transparency with respect to molecular hydrogen, H 2 . We first illustrate this observation qualitatively, by showing in Fig. 2a one of our microcontainers before and after its exposure to hydrogen at 50 °C for 3 d. The membrane clearly bulged up, although the same container passed our impermeability tests with respect to both helium and argon at the same T. This observation is striking because even atomic hydrogen, with a diameter smaller than that of helium, is predicted to experience an E of 2.6-4.6 eV for monolayer graphene [4] [5] [6] , leaving aside the fact that dissociation of molecular hydrogen requires about 4.5 eV, which makes the concentration of atomic hydrogen negligible. Molecular hydrogen is expected 3 to have even higher E of more than 10 eV. For such high barriers, hydrogen permeation is completely forbidden and, according to equation (2), it should take billions of years for a single hydrogen atom to get inside the container. In another control experiment, we used microcontainers sealed with bilayer graphene and monolayer MoS 2 . They exhibited no detectable permeation under multiday exposure to molecular hydrogen at 50 °C (Extended Data Fig. 4) .
To quantify the observed hydrogen permeation, we measured changes in δ as a function of time for many devices at room temperature (295 ± 2 K). They exhibited approximately the same inflation rates within scatter of about ±15%, as indicated by the dashed lines in Fig. 2b , which yields Γ ≈ 2 × 10 10 s −1 m −2 . Note that such a minute gas influx is far beyond the detection limit for microcontainers with SiO 2 sealing 1, 9, 10 . Furthermore, working in the regime of small linear-in-time Δδ (no bulging as in Fig. 2a ), we measured hydrogen permeation at different T. The temperature dependences followed the Arrhenius law, Γ Ek T ∝ exp( − / ) B , yielding an activation barrier of 1.0 ± 0.1 eV (Fig. 2c ). This relatively small E strongly disagrees with the theoretical expectations and, more importantly, with the fact that smaller helium atoms did not penetrate through the same membranes.
Trying to understand the origin of the unexpected behaviour, we performed two additional sets of experiments. First, we quantified the hydrogen permeation rates at different pressures P and found Γ P ∝ 1/2 (Extended Data Fig. 5 ). The square-root dependence is characteristic of processes involving an equilibrium between adsorbed and desorbed constituents of a bipartite gas 19 , in contrast to the linear dependence of equation (2) valid for weakly interacting atoms ('Energy barriers' in Methods). Second, we measured permeation for hydrogen's isotope deuterium. Within our detection limit, no permeation could be discerned, which puts a limit of Γ ≤ 10 9 s −1 m −2 on the deuterium influx ('Isotope effect' in Methods and Extended Data Fig. 8 ).
To understand the reason for the exclusivity of hydrogen among the other gases, let us recall the following facts. Locally curved and strained graphene surfaces are known experimentally to be chemically reactive 20, 21 and are expected to lower the energy required for dissociation of molecular hydrogen 22, 23 . For a local protrusion (ripple) with t/D ≥ 5% (where t is its height and D the lateral size), the dissociated state with two hydrogen adatoms becomes energetically more favourable 22, 23 , whereas the energy barrier required to reach this state is also reduced to about 1 eV ('Ab initio simulations of graphene's catalytic activity' in Methods). This catalytic activity of graphene is relevant because suspended membranes exhibit extensive nanoscale rippling [24] [25] [26] with t/D that can easily exceed 5% for both static 24, 25 and dynamic 26 ripples 
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(Extended Data Fig. 7) . Another fact is that monolayer graphene is known to be highly permeable to protons, exhibiting an activation energy of 1.0 ± 0.05 eV, whereas bilayer graphene and monolayer MoS 2 exhibit no detectable proton permeation 11, 12 . This is relevant because a hydrogen atom absorbed on graphene shares its electron with the conducting surface and is indistinguishable from an adsorbed proton. Furthermore, it is also known that deuterons, nuclei of deuterium atoms, experience a higher barrier than protons, which drastically slows their permeation through monolayer graphene 12 ('Isotope effect' in Methods). On the basis of the above facts, we propose the following scenario for the observed hydrogen permeation. First, molecular hydrogen is chemisorbed (adsorbed and dissociated) on graphene ripples, which results in sp 3 -bonded adatoms as illustrated in Extended Data Fig. 6 . These adatoms then flip to the other side of graphene in a 1.0-eV transfer process similar to that previously reported for proton transport 11, 12 (inset of Fig. 2c ). The flipped adatoms subsequently desorb from the concave surface. This scenario is fully consistent with all the experimental evidence and, also, explains why the observed permeation is limited to hydrogen and monolayer graphene. Indeed, among the tested 2D crystals, only the latter is sufficiently transparent to protons. Neither bilayer graphene nor monolayer MoS 2 allow protons through 11 , whereas monolayer graphene presents a notably higher barrier for heavier deuterons than protons 12 (see 'Isotope effect' in Methods).
Although our experiments cannot distinguish directly whether it is chemisorption or flipping that limits the hydrogen permeation, the close match of the measured E with the value reported in ref. 12 hints that the flipping is likely to be the rate-limiting process. This is also supported by the observed isotope effect. Indeed, our DFT calculations could not find any influence of zero-point oscillations on hydrogen's dissociation (see 'Isotope effect' in Methods). However, the flipping is expected to exhibit an isotope shift because zero-point oscillations decrease the energy of the initial state in the transfer process 12 . This shift results in a higher effective barrier for deuterium and makes its permeation undetectable in our experiments (see 'Isotope effect' in Methods). The dependence Γ P ∝ 1/2 (suggesting a finite coverage of graphene with hydrogen) is also consistent with the flipping step being the limiting factor. Indeed, it is easier for lighter adatoms to desorb from graphene (because of stronger zero-point oscillations), which should result in higher coverage of the graphene surface with deuterium. Accordingly, if chemisorption were the limiting step, higher permeation rates would be expected for deuterium rather than hydrogen, contrary to our observations.
To conclude, defect-free graphene should be completely impermeable to all atomic and molecular species at room temperature, but ripples, wrinkles and other defects inducing a local curvature are catalytically active and allow non-negligible permeation of hydrogen. If necessary, the latter can be blocked by using bilayer graphene or other 2D materials such as monolayer MoS 2 . Our results have implications for many observations in the literature. For example, ripples are likely to play an important role in lowering barriers for proton transport through 2D membranes 11, 12 , a distinct possibility not considered so far theoretically 7, [27] [28] [29] . Similarly, the observations may shed light on the intercalation of graphene on silicon carbide by molecular hydrogen that is argued to permeate through defect-free graphene 30, 31 . The discussed processes may also be critical for the interaction of graphene with water and hydrocarbons and, more generally, emphasize unexpectedly high catalytic activity of non-flat graphene, in stark contrast to the extreme chemical inertness of its bulk counterpart, graphite.
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Methods

Device fabrication
Our devices were fabricated as shown schematically in Extended Data Fig. 1a . A monocrystal of either graphite (NGS Naturgraphit) or hBN (HQ Graphene) with a thickness of at least 150 nm was first mechanically exfoliated onto an oxidized silicon wafer that was freshly cleaned in an oxygen plasma. The quality of the crystal's top surface was carefully checked for the presence of atomic terraces using dark-field and differential-interference-contrast microscopy. These modes allow detection of crystal edges, terraces and tears, even for a monolayer thickness. Using e-beam lithography, a set of ring-shaped polymer masks with an inner diameter d of 0.5 or 1.0 μm was patterned on atomically flat parts of the surface (without terraces). Reactive-ion etching was then used to remove roughly 50 nm of the exposed area to form micrometre-diameter wells (Extended Data Fig. 1b ). After the lithography mask was dissolved, we annealed the structures in a hydrogen and argon (1:10) atmosphere at 400 °C for 6 h. Then a relatively large crystal of monolayer graphene (also obtained by mechanical exfoliation) was transferred in air on top of the wells using the standard transfer procedures for assembly of van der Waals heterostructures 32, 33 . Extended Data Fig. 1b shows an optical image of an array of graphene-sealed hBN wells. Closer views of such microcontainers are provided in Fig. 1, Extended Data Fig. 2a , where one can clearly see graphene membranes draping over the wells. For comparison, Extended Data Fig. 2b shows a broken graphene membrane after our unsuccessful attempt to test it at 80 °C. As the inner walls of the containers are not perfectly round (see, for example, Fig. 1b, c) , graphene membranes sag inside in a slightly asymmetric manner as noticeable in some AFM profiles (for example, Fig. 1d ).
Experimental procedures
After the fabrication, microcontainers were first checked with AFM for possible tears, wrinkles and other defects. Only devices with seemingly perfect sealing were used for further investigation. Those were tested further by placing them in a 3-bar argon atmosphere overnight. Occasionally, we found inflated containers that deflated quickly in air. In principle, this could be due to defects 9,10,34 , but in most cases we could trace the leakage to poor sealing of the microcontainers: either the top surface of the wells was slightly damaged by dry etching so that the rough streaks connected the inner and outer rim edges or small wrinkles were present, as retrospectively revealed by dedicated AFM analysis and scanning electron microscopy. The devices that passed the above tests were placed in a tested gas atmosphere and their possible inflation was carefully monitored as described in the main text.
For gas tests, microcontainers were placed inside a small stainlesssteel chamber. It was evacuated to approximately 10 −3 mbar and then one of the gases under investigation was introduced inside. For studies of temperature dependences, the whole vacuum chamber was placed inside an oven with controllable T.
AFM measurements
To monitor changes in the position of the graphene membranes, we employed the PeakForce mapping mode (Dimension FastScan from Bruker). The use of this AFM mode was essential to achieve the highest possible accuracy in our measurements of the membrane position. The PeakForce mode minimizes tip-to-sample interactions by employing an imaging force that can be as small as about 1 nN and has little effect on suspended graphene. For comparison, when we tried the contact-mode AFM imaging, graphene membranes were found to sag down after each scan by as much as several nanometres, which was obviously unacceptable for our purposes. The PeakForce mode also allows straightforward analysis of the obtained scans, compared with the tapping AFM mode where a non-negligible pressure induced by the tip requires rather involved deconvolution of AFM images 1, 35 . Furthermore, to maximize reproducibility between consecutive PeakForce scans, they were taken always along the same direction, x, across the centre of suspended graphene membranes and averaged over a finite width of roughly 150 nm (vertical bars in the shown AFM images). This approach also allowed us to increase accuracy by avoiding changes in AFM profiles caused by the slight asymmetry in membranes' sagging, as pointed out in the Methods section 'Device fabrication'. The asymmetry remains constant during measurements for a given device and does not affect our results. The averaged deflection profile δ(x) allowed us to detect minor changes Δδ in a membrane's lowest position at the well's centre (denoted above as δ) such that δ = δ(0) + Δδ, where δ(0) is the initial-in-time position at the well's centre.
Extended Data Fig. 3a, b shows the accuracy and reproducibility of our measurements of δ(x) and Δδ. For this dataset, two microcontainers were measured in air as described above, and ten AFM scans were taken at 1-h intervals. Between each scan, the devices were taken out of the AFM setup and then placed back to mimic the real measurement procedures. The figures show that the profiles δ(x) were very stable, and the resulting Δδ did not exceed about 0.3 nm. The statistical uncertainty (standard deviation) for this set of AFM measurements was about 0.16 nm. To check for longer-term stability, 12 microcontainers with d = 0.5 and 1.0 μm and different sagging (maximum depth δ(0) varied between 5 and 25 nm) were kept in air for more than 20 d. Their height profiles were captured at regular intervals, a few days apart. The devices also exhibited excellent stability such that Δδ did not exceed 0.3 nm (Extended Data Fig. 3c ), in good agreement with the short-term results in Extended Data Fig. 3a .
After exposing microcontainers to higher helium pressures, we again did not observe any discernible changes in δ(x) but random fluctuations in Δδ increased (Extended Data Fig. 3e, f) , presumably because of additional stresses induced by pressure. Note that, trying to improve our measurement accuracy further, we also made and tested microcontainers with d ≥ 2 μm. However, their stability was much worse, with Δδ exceeding 1 nm, probably due to increasing instabilities caused by tip-membrane interactions. Data from such wells were not used in the reported analysis.
Evaluation of permeation rates and their accuracy
Equation (1) can be deduced from the expression derived in ref. 9 as follows. The pressure P inside the container includes two components: one is the initial atmospheric pressure of the trapped air (P a ) and the other is ΔP, the pressure change induced by molecular permeation. For small changes in the membrane position, ΔP can be estimated from the Hencky solution 36 as 3 4 where E is Young's modulus, L is the membrane thickness, a is the radius of the container and K(ν) is the coefficient that depends on Poisson's ratio ν. For graphene 18, 37 , E = 1 TPa, ν = 0.16 and K(ν) = 3.09. The gas volume inside the container is given by V = V 0 + ΔV = Sh + cSδ, where S and h are the container's area and depth, respectively, and c ≈ 0.5 is the numerical coefficient accounting for the curved shape of the membrane. Putting the above expressions for P and V into the ideal gas law PV = (N 0 + ΔN)k B T (N 0 is the initial number of air molecules), we find For the known constants and noticing that the largest deflection Δδ used in our quantitative analysis was only about 4 nm, we find that the second and third terms of equation (5) should not exceed 20% of the linear term's value. Therefore, for the purpose of our analysis, equation (5) can be simplified to equation (1) . This also agrees with the fact that Δδ evolved linearly in time, within our experimental scatter (Fig. 2b ). If contributions of the nonlinear terms were considerable, Δδ should start evolving nonlinearly as a function of ΔN and, hence, time.
Energy barriers
Helium permeation through the barrier presented by a graphene membrane can be estimated using
where E is the energy barrier for incident atoms and A is their attempt rate (that is, the number of atoms striking a unit area per second).
Weakly interacting helium atoms are not adsorbed onto graphene and, therefore, the attempt rate is given by 38
is the mean speed of helium atoms and m is their atomic weight. Combining equations (6) and (7), we obtain equation (2) . However, if gas atoms or molecules become adsorbed on a graphene surface, like in the case of hydrogen, equation (7) is no longer applicable, and the attempt rate depends on an equilibrium density of adsorbed species. Under the latter circumstances, the different dependence A P ∝ is expected 19 , in agreement with our results for hydrogen in Extended Data Fig. 5 .
Ab initio simulations of graphene's catalytic activity
Energy barriers for the dissociation of molecular hydrogen on flat and rippled graphene were calculated from first principles using DFT, as implemented in the Vienna ab initio package 39 . The generalized gradient approximation 40 and projected augmented wave were adopted to describe the exchange correlation potential and ion-electron interactions. The kinetic energy cutoff and k-point mesh were set to 500 eV and 7 × 7 × 1, respectively 41 . A vacuum region of 20 Å was used to avoid the periodic interaction. The stress force and energy convergence criteria were chosen as 0.01 eV Å −1 and 10 −5 eV, respectively. The van der Waals interactions were included in the dissociation process and treated by the semi-empirical DFT-D3 method 42, 43 . A supercell of 8 × 8 graphene unit cells was adopted for the simulations, and ripples were characterized by the ratio t/D of their height t to the corrugation diameter D (inset in Extended Data Fig. 6a ). The energy barrier for the reaction pathway was calculated using the climbing-image nudged elastic band method, in which the total energies of initial, final and several intermediate states during the reaction process were calculated explicitly 44 . The initial state was constructed as follows 22 . First, we created a corrugated graphene supercell with a certain t/D by allowing the atomic structure to relax under biaxial compression. Next, two hydrogen atoms were attached to specified carbon atoms, and the whole system was allowed to relax to its ground state, during which the positions of unoccupied carbon atoms were fixed to keep the t/D value constant. The relaxed carbon structure was then used as the initial configuration and the electron distribution was optimized during the reaction process.
For a given t/D, there are many possible corrugated configurations. If we consider high-symmetry configurations, the corrugation centre is located either at the top of a carbon atom or between two nearest neighbours or at the hexagon centre. To minimize the dissociation energy, we relaxed the above three structures of rippled graphene with two adsorbed hydrogen atoms and used them as the initial states before hydrogenation. The initialized graphene ripple could be allowed to relax further before chemical reaction, but we found that this caused little effect on the energy barrier. After trying many different configurations and reaction processes, we found that the dissociation energy reached a minimum when two opposed sites in a hexagon were hydrogenated (see the insets in Extended Data Fig. 6a ). In Extended Data Fig. 6a , we show changes in the total energy during the reaction process for t/D = 7.5%. The dissociation energy barrier is about 1.1 eV and given by the difference between the initial and highest energy states along the reaction pathway. For comparison, the dissociation energy of molecular hydrogen in vacuum is about 4.5 eV (ref. 45 ), which shows that ripples are highly catalytically active.
The dissociation energy depends on where in the unit cell hydrogen atoms are adsorbed. For example, Extended Data Fig. 6b shows the adsorption process for the same t/D as in Extended Data Fig. 6a but with hydrogen atoms attached to the nearest carbon atoms. In this case, the dissociation energy barrier is higher (approximately 2.9 eV). Our results for different ripple curvatures t/D are plotted in Extended Data Fig. 6c . Clearly, the dissociation energy decreases monotonically with increasing curvature, and the changes become rather gradual for t/D > 4%. Note that the critical curvature, at which ripples become energetically favourable for dissociation of molecular hydrogen (t/D ≈ 2.5%), is smaller than t/D ≈ 4%, which was reported in the earlier study 22 . This is because of improvements in the simulation method and optimized atomistic configurations.
Although graphene membranes are known to contain numerous extrinsic (static) ripples 24, 25 that have typical t/D ≈ 5%, it is instructive to find what kind of intrinsic (dynamic) ripples one can expect due to thermal fluctuations 26 . To this end, we performed molecular dynamics simulations using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 46 and graphene membranes consisting of 387,200 atoms. Periodic boundary conditions were usually employed to mimic an infinite membrane, but we also performed simulations for finitesize membranes (from about 35 to 100 nm in diameter). The lateral size of ripples (D) ranged between a few and 10 nm, independently of the membrane size. Their typical configurations at different T were obtained after thermalization in 100,000 steps (0.00025 femtoseconds per step) and averaging over 20 of such snapshots (Extended Data Fig. 7a ). Extended Data Fig. 7b , c shows the areal density for ripples with t/D ≥ 4%, which are most catalytically active. One can see that thermal fluctuations generate many such ripples that can result in dissociation of molecular hydrogen.
It is not clear whether static or dynamic ripples dominate the adsorption-dissociation process for graphene membranes. One of the issues limiting a contribution from thermally excited ripples could be their relatively short lifetimes. Our simulations show that the mean half-life of a ripple, during which its t/D drops to half, is of the order of femtoseconds. For comparison, permeation of adsorbed hydrogen atoms through graphene involves the timescale τ, which can be estimated from their adsorption energy as E ad = h/τ where h is Planck's constant. For atomic hydrogen on graphene 47, 48 , E ad is expected to be approximately 0.4-1.0 eV, and this yields τ of a few femtoseconds. This is of the same order of magnitude as the characteristic lifetime of ripples.
Besides static and dynamic ripples, there are strained areas around the rim of our microcontainers, which in principle could also contribute to the observed hydrogen permeation. However, this scenario is ruled out by the experimental fact that the observed permeability was proportional to the membrane's area rather than its circumference. Furthermore, permeation rates were the same for devices with different sagging (varying from about 5 to 40 nm), which led to different strain. The above conclusion is also supported by our DFT calculations in which the chemisorption process was considered for flat graphene under strain. Extended Data Fig. 6d shows that the dissociation energy remains high (about 3 eV) even for strains as high as about 15%. This proves that it is the curvature rather than strain that is important for the chemisorption process.
